In this study, porous network structures were successfully created on various polymer surfaces by femtosecond laser micromachining. Six different polymers (poly(tetrafluoroethylene) (PTFE), poly(methyl methacrylate) (PMMA), high density poly(ethylene) (HDPE), poly(lactic acid) (PLA), poly(carbonate) (PC), and poly(ethylene terephthalate) (PET)) were machined at different fluences and pulse numbers, and the resulting structures were identified and compared by lacunarity analysis. At low fluence and pulse numbers, porous networks were confirmed to form on all materials except PLA. Furthermore, all networks except for PMMA were shown to bundle up at high fluence and pulse numbers. In the case of PC, a complete breakdown of the structure at such conditions was observed. Operation slightly above threshold fluence and at low pulse numbers is therefore recommended for porous network formation. Finally, the thickness over which these structures formed was measured and compared to two intrinsic material dependent parameters: the single pulse threshold fluence and the incubation coefficient. Results indicate that a lower threshold fluence at operating conditions favors material removal over structure formation and is hence detrimental to porous network formation. Favorable machining conditions and material-dependent parameters for the formation of porous networks on polymer surfaces have thus been identified.
INTRODUCTION
Polymers have been extensively used as biomaterials due to their desirable bulk properties such as elasticity and degradability 1 . However, applications that require enhanced cell attachment and growth such as stents 2 and grafts 3 are heavily dependent on surface properties. High porosity, enhanced surface area, and multi-scale roughness are desirable for such applications, and significant effort has been made in order to impart those properties to polymeric surfaces 4 . Lithography, which is the current industry standard for polymer surface patterning and modification, only partially achieves that goal. While it successfully enhances surface area, achieving hierarchical roughness requires a multi-step process involving iterative layer-by-layer coating and exposure that does not typically induce porosity 5 .
With the emergence of femtosecond (fs) technology, laser micromachining is now able to introduce dual scale roughness (both micro-and nano-) on target surfaces 6 . Furthermore, it is a single-step, non-contact method that delivers energy in pulses of such small duration that heat-induced damage to the material is minimized 7 .
Ultrashort laser-polymer interaction is still under investigation as many photochemical 8 and non-linear optical processes 9 are involved. As a result, most of the current literature concerning fs polymer machining focuses on hole or line ablation in the aim of studying local polymer interaction with a select number of laser pulses as opposed to machining over a large area. However, laser-induced porosity on polymer surfaces has been observed on the bottom or side walls of inscribed craters and lines in the past. For example, fibre-like structure formation on the side walls of PTFE ablation craters has been reported in several studies [10] [11] [12] . In addition, several publications have reported the appearance of micro-pores on PMMA [13] [14] [15] and PC 16 after fs laser hole and line ablation.
This aspect of polymer laser ablation has been mostly reported as an unsuspected side effect of machining and it is unclear how it would affect surface topology when machining over an area. Baset et. al's (2013) recent study of PMMA ablation is one of the few publications focusing on fs laser induced porosity on polymer surfaces 13 . Their results have shown that the porous area fraction is dependent on pulse energy as well as number of pulses for hole ablation and scanning speed for line ablation. This type of porosity could therefore be controllable by adjusting machining parameters. Recently, Liang et al. (2014) successfully produced a novel porous network structure on PTFE by fs laser micromachining over a large area 17 . Their machining technique led to the formation of a fibrillary network that gets increasingly entangled as a function of fluence. However, very little is known about the formation mechanisms or even the properties of such structures. In addition, no information about the depth over which these structures form is given. Furthermore, it has not yet been established if this type of network can be reproduced on other polymers which might be more suitable for in-vivo use than PTFE.
In summary, fs laser induced micro-porosity has been observed on several polymers. In the case of PTFE, it leads to the formation of a porous network structure when homogeneously machining the surface over an area. This study aims at studying fs laser area machining of a variety of polymers in order to identify which machining conditions and materialdependent parameters are favorable for the formation of porous networks.
MATERIALS AND METHODS

Materials:
The following six polymers were studied: poly(tetrafluoroethylene) (PTFE), poly(methyl methacrylate) (PMMA), high density poly(ethylene) (HDPE), poly(lactic acid) (PLA), poly(carbonate) (PC), and poly(ethylene terephthalate) (PET). For each material, 3 by 3 mm square samples were cut out from a commercially available sheet (McMaster-Carr). The samples were 1.5 mm thick with the exception of PLA (0.9 mm) and PTFE (3 mm).
Laser micromachining:
The samples were micromachined using an amplified Ti:sapphire solid-state laser (Coherent Libra) which emits a horizontally polarized Gaussian beam of 800 nm wavelength, 4 W output power, and in pulses of 85 fs duration. It was operated at a repetition rate of 1 kHz. The beam power is controlled through a variable attenuator which consists of a half-wave plate and a polarizing beam splitter. The beam is then focused using a 100 mm plano-convex lens down to a theoretical 1/e 2 spot size of 44 μm onto a motorized 3D translational stage (Newport Corporation) which is subjected to the stationary laser beam. The stage's movement and velocity were digitally controlled via the GOL3D software (GBC&S) along with a mechanical shutter (Uniblitz) in order to create different machining patterns. Lines were machined by moving the stage in the horizontal direction while patches were created by vertically overlapping lines in a raster scan pattern. The samples' surfaces were placed at the focal plane of the lens. Immediately after machining, all samples were placed in a sonication ethanol bath for five minutes to remove any loose machining debris.
Machining parameters:
Two types of machining experiments were performed. Line scans for the determination of material dependent parameters and raster scans for microstructure identification. The pulse peak fluence and pulse-per-spot number PPS were used as variable parameters. The latter was calculated as follows:
Where ω 0 represents the theoretical beam diameter, the laser's repetition rate, the scanning velocity and Φ the vertical overlap between two raster scanned lines (equal to zero for a line scan).
For each polymer, 40 lines were machined at the conditions corresponding to all the possible combinations of and PPS presented in Table 1 . a-This velocity actually corresponds to a PPS number of 1.3 and was the highest velocity achievable with our setup. However, this condition was considered equal to a PPS of 1 since all of the presented results were measured at the center of an ablated hole which is unaffected by the pulse overlap at the hole's edges.
In addition, 30 patches were machined on each of the six polymers corresponding to a combination of 10 values (same as Table 1 ) and 3 PPS values (listed in Table 2 ). 
Topography imaging, measurements, and analysis:
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ructure. The bu heterogeneity in E which in turn transition into e with respect t er between the the SEM imag acterize and com . The reason fo nce. Figure 4b  dices oth the thickn l materials, l ms re formation se l and correspon moval or micr MMA, and PTF where one of th oved over a t across materia nd in Table 3 . studied. dentified LA. PET, havior in addition to the formation of a cracked structure at high fluence. PLA exhibited no microstructure formation. The evolution of microstructure as a function of pulse number followed the same trends. Operation at low pulse numbers and slightly above the threshold fluence is therefore recommended for porous network formation. The evolution of microstructure depth with respect to fluence showed that its extent is dependent on the material's threshold fluence at operating conditions. The latter was calculated by gathering the single pulse threshold fluence and incubation coefficients for all materials through line ablation experiments. As observed for materials with low incubation coefficient such as PLA and PET, a low threshold fluence can lead to increased material removal which can inhibit microstructure formation.
This study confirmed the possibility of porous network formation on several polymers at different machining conditions. Furthermore, several guidelines with regards to their design were given which significantly contributes to future optimization studies.
